ABSTRACT: Single crystal SrTiO 3 nanocuboids having primarily TiO 2 -(001) surfaces and nanododecahedra having primarily (110) surfaces were created by two separate hydrothermal synthesis processes. Pd nanoparticles grown on the two sets of STO nanopolyhedra by atomic layer deposition show different morphologies and CO oxidation performance. Transmission electron microscopy and small-angle X-ray scattering show that 2−3 nm Pd nanoparticles with 3−5 nm interparticle distances decorate the STO surfaces. When the number of ALD cycles increases, the growth of the Pd nanoparticles is more significant in size on TiO 2 -(001)-STO surfaces, while that on (110)-STO surfaces is more predominant in number. High resolution electron microscopy images show that single crystal and multiply twinned Pd nanoparticles coexist on both types of the STO nanopolyhedra and exhibit different degrees of adhesion. The CO oxidation reaction, which was employed to determine the dependence of catalytic activity, showed that the Pd catalytic performance was dominated by the coverage of CO, which is more directly related to Pd nanoparticle size than to shape. CO turnover frequency analysis and diffuse reflectance infrared Fourier transform spectroscopy show that regardless of the shape or degrees of wetting, larger Pd nanoparticles (∼3 nm) have lower catalytic activity due to high CO coverage on nanoparticle facets. Smaller nanoparticles (∼2 nm) have more edge and corner sites and exhibit 2−3 times higher TOF at 80 and 100°C.
INTRODUCTION
For oxide-supported metallic nanoparticle (NP) catalysts, "metal-support interactions" described by morphological and electronic changes of the NP and the interface can have a major influence on the catalytic activity. The effects include the encapsulation of metal NPs by migration of the support atoms, 1,2 redistribution of interfacial charges, 3, 4 participation of surface lattice oxygen in reactions, 5−7 and stabilization of noninteracting metal NPs. 8, 9 To reduce the complexity of poorly defined metal/oxide interfaces typical in industrially relevant powder catalysts and to address the support effects, well-defined single crystal oxide substrate surfaces are typically needed. 10−16 However, the relatively low surface area of a single crystal substrate limits the ability to measure chemical kinetics and thereby leads to the so-called "materials gap.
17−21 " Our strategy for bridging this gap is to employ oxide "nanopolyhedra supports" with well-defined single crystal facets. The metal/oxide nanopolyhedra system employed in this paper is inspired by earlier work on Pt 22−30 and Pd 31−34 NPs grown on SrTiO 3 (STO) single crystal substrates. Hydrothermal synthesis methods for the STO single crystal nanocuboids with controllable surface terminations have been reported elsewhere 35−38 and recently extended to yield (110)-terminated nanododecahedra. 39 Previously, we studied Pt 8, 9, 40, 41 and Pd 42 NPs grown on STO single crystal nanocuboids with predominantly (001) surfaces and controllable TiO 2 or SrO surface terminations. This advance in synthesis allows direct comparisons of morphology and activity between metal NPs grown on atomically flat and distinct STO nanopolyhedra surface orientations. 39, 43 This approach opens up opportunities to investigate structural features of the metal/ oxide interface at the atomic level, while the high surface-tovolume ratios of the nanopolyhedra supports enable practical catalytic reaction studies. 8, 40, 41, 44 In this work, we study structure-catalytic activity relationships of atomic layer deposition (ALD)-grown Pd NPs on two types of STO nanopolyhedra: TiO 2 -(001)-terminated nanocuboids and (110)-terminated nanododecahedra. In both cases, the Pd NP size and coverage were controlled by the number of ALD cycles, as demonstrated in our previous studies on Pt and Pd. 26,28,40−42 CO oxidation is employed as a probe reaction to determine and compare the catalytic performance of Pd on the two types of STO nanopolyhedra. This experimental design allows analysis of the effects of NP size, shape, and crystalline termination of the support facets on catalytic performance. The shapes and orientations of the Pt or Pd NPs predicted by thermodynamics using the Winterbottom construction 45 can be affected by the STO chemical termination, 23, 42 crystalline orientation, 24, 25 and surface reconstruction. 32, 33 Furthermore, the catalytic activity of the free-standing Pt or Pd NPs depends upon the exposed crystal facets, as studies have shown that (111) facets of Pt or Pd are significantly more active than (001) facets toward CO oxidation. 46, 47 By combining shape-selectable Pd/STO nanopolyhedra catalysts with the structure sensitive CO oxidation reaction, our present study aims to establish the relationship between the Pd NP/STO support interface morphology and catalytic activity. However, our results also show that the catalytic performance of CO oxidation for this system is dominated by CO coverage on the Pd surface, which is more directly related to Pd nanoparticle size than to shape. In addition, the majority of the Pd NPs are multiply twinned particles (e.g., refs 48−53), creating an interesting complexity to the Pd/STO interfacial orientation and adhesion behavior.
EXPERIMENTAL METHODS
2.1. Sample Preparation. 2.1.1. SrTiO 3 Nanopolyhedra. TiO 2 -(001)-STO nanocuboids and (110)-STO nanododecahedra supports were produced by two separate, previously reported, hydrothermal synthesis methods. 35, 39 The two types of supports are single crystal nanopolyhedra with atomically flat facets and negligible edge/corner areas. TiO 2 -(001)-STO nanocuboids have an average edge length of 50−70 nm, while the (110)-STO nanododecahedra have diameters ranging from 100−1000 nm. The specific surface areas of the two types of supports were measured by a standard Brunauer−Emmett− Teller (BET) analysis. TiO 2 -(001)-STO nanocuboids and (110)-STO nanododecahedra showed BET surface areas of approximately 20 and 4 m 2 /g, respectively. 2.1.2. Atomic Layer Deposition. Pd was deposited on the two types of STO supports by atomic layer deposition (ALD) at 200°C using Pd(II) hexafluoroacetylacetonate (Pd(hfac) 2 ) and formalin (HCHO) as the precursors. The deposition conditions and experimental setup followed our previous ALD work. 42 In the present work, 1, 5, and 10 ALD cycles of Pd (denoted as 1c, 5c, and 10c) were deposited on both the TiO 2 -(001) and (110) terminated STO nanopolyhedra. The asdeposited ALD-Pd/STO samples were stored in the air before subsequent measurements or catalysis reactions.
2.2. Characterization Methods. 2.2.1. Electron Microscopy. The morphological evolution of the Pd/TiO 2 -(001)-STO nanocuboids and Pd/(110)-STO nanododecahedra was measured by a JEOL JEM-2100FasTEM and by a Hitachi H-2300 STEM equipped with a secondary electron (SE) detector. The high-resolution electron microscopy (HREM) images of Pd nanoparticles were obtained using three instruments: a JEOL JEM-2100FasTEM system at Northwestern University (NU), an aberration-corrected JEOL JEM-ARM200CF at the Research Resources Center at the University of Illinois, Chicago (UIC), and the aberration-corrected ACAT microscope at Argonne National Laboratory (ANL). The size distributions of statistically significant samples of Pd nanoparticles were extracted by using the ImageJ software. 54 The samples measured with electron microscopy, as well as other characterization methods described in the following sections, were as-deposited samples, unless otherwise stated.
2.2.2. Small-Angle X-ray Scattering (SAXS). Small-angle Xray scattering (SAXS) measurements were applied as a complementary technique to the TEM measurements. X-ray scattering data were simultaneously collected by the small-angle and medium-angle Rayonix area detectors at the DuPontNorthwestern-Dow (DND) 5ID-D beamline located at the Advanced Photon Source (APS) of ANL. Data were collected at an incident photon energy of 16.00 keV at room temperature. The powdered Pd/STO samples were loaded into Kapton capillary tubes of 1.1 mm in diameter (ColeParmer). SAXS data were also taken from an empty capillary tube for background subtraction. During the measurements, five images were taken for each sample, and the exposure time for each image was 0.1 s. The 2D SAXS patterns were converted to 1D intensity profiles and were averaged together.
2.2.3. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and X-ray fluorescence (XRF). The weight percent (wt %) and coverage (atoms/nm 2 ) of Pd were obtained by using both inductively coupled plasma atomic emission spectroscopy (ICP-AES, or ICP) and X-ray fluorescence (XRF). The ICP measurements were conducted at the Quantitative Bio-element Imaging Center at NU. The Pd/STO samples were dissolved in aqua regia at room temperature for 24 h prior to ICP measurements. The wt % Pd and BET surface area of the STO nanopolyhedra were used to calculate the coverage of Pd by assuming stoichiometric SrTiO 3 nanopolyhedra. The XRF measurements were performed at the APS DND 5BM-D beamline. Data were collected at an incident photon energy of 24.40 keV by two Vortex-ME4 four-element silicon drift detectors (SDD). The atomic ratio between Pd and Sr was obtained from XRF data and converted to wt % Pd by assuming stoichiometric SrTiO 3 . The coverage of Pd on the STO support was calculated accordingly from the Pd/Sr atomic ratio and BET surface area of the STO nanopolyhedra. (see the Supporting Information for details in the measurements and calculation.) 2.2.4. X-ray Absorption Near Edge Structure (XANES). The chemical states of the supported Pd were determined by measuring the Pd K-edge (24.35 keV) X-ray absorption near edge structure (XANES) measurements. The XANES spectra were measured at the 5BM-D beamline of the APS. The powder Pd/STO samples were uniformly spread onto X-ray transparent tape (3M) and measured in fluorescence mode at room temperature. The XANES data were analyzed using the ATHENA software package. 55 2.2.5. Metal Dispersion. The metal dispersions of the supported Pd nanoparticles were obtained from both the average Pd nanoparticle size 56 and the CO pulse chemisorption method (see Supporting Information for details). The CO pulse chemisorption measurements were carried out by using an Altamira AMI-200 catalyst characterization instrument in the Clean Catalysis (CleanCat) Core facility at NU. The Pd/STO catalysts were prereduced by 10% H 2 /Ar at 360°C for 300 min, followed by 25 pulses of 1 or 2.5% CO/He injections at room temperature.
2.3. Catalytic Performance Testing. To determine the catalytic activity of the Pd/STO samples, the CO oxidation reaction
was employed using a premixed 0.5% CO/20% O 2 /He reactant gas. The gas-phase reactions were performed using a BenchCAT 4000 reactor system (Altamira Instruments) in the CleanCat Core facility at NU. The system used a 1/4" diameter vertical quartz tube flow reactor. In a typical run, approximately 50 mg of the catalyst was blended with 300 mg of SiO 2 powder (Sigma-Aldrich). The catalyst bed was supported on a quartz wool bed. A CO oxidation catalytic run consisted of varying the reaction gas flow rate from 50 to 200 standard cubic centimeters per minute (sccm), consecutively at 80, 100, and 120°C. The conversion of CO was measured using an Agilent 6850 Gas Chromatograph. All reaction runs were repeated at least three times, and the average values of CO conversion were obtained with standard deviations. The performance of the Pd/STO samples was evaluated using the turnover frequency (TOF) of the CO oxidation reaction. TOF was defined as the frequency of CO conversion per surface Pd, in units of s −1 .
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS).
The DRIFTS measurements were carried out using a Thermal 6700 FTIR in the CleanCat Core facility at NU. For a typical experiment, 80−100 mg of pure SiO 2 powder (Sigma-Aldrich) was loaded into a Praying Mantis cell. A total of 20−25 mg of the Pd/STO catalyst was packed on top of the SiO 2 . The catalyst was reduced in 150 sccm of 10% H 2 /Ar flow at 300°C for 30 min to remove Pd oxide on the surface due to air exposure and then purged with pure Ar before measurement. The background spectrum was collected at room temperature under constant Ar gas flow. The Pd/STO sample was saturated in 5% CO/He gas flow for at least 10 min, followed by an Ar gas purge at 30−60 sccm. The DRIFTS measurements were collected every minute at room temperature in a mixture of 1.5 sccm O 2 and 25.5 sccm Ar flow.
RESULTS AND DISCUSSION
3.1. Morphology. The Figure 1 TEM images show that Pd deposited by 1 to 10 cycles of ALD forms uniformly dispersed NPs, decorating the surfaces of both types of STO nanopolyhedra used in this study. The NPs exhibit approximately equiaxed shapes with narrow size distributions, ranging from 2−3 nm, as shown in Figure 2 . Though the size and number of the ALD-Pd both increase as the number of ALD cycles goes up, these two features grow with different rates. When the number of ALD cycles increases, Pd on the TiO 2 -(001) surface follows the nucleation and growth model, as previously observed for ALD-Pt 40 and ALD-Pd 42 on the same type of STO surface. For this case, the increase in Pd size is more predominant than that in number. In contrast, Pd NPs on the (110)-STO surface from 1c to 5c grow significantly in number, while the growth of size is not as significant. This trend suggests that secondary nucleation 57, 58 occurs on the (110)-STO surface in subsequent ALD cycles. The number density of Pd from 5c to 10c, however, does not change significantly (see Supporting Information). Note that for 1, 5, and 10 ALD cycles, the average diameters of Pd NPs on (110)-STO surfaces are larger than on TiO 2 -(001)-STO surfaces.
To obtain morphological information as a representative global average, SAXS measurements were implemented to How the density of nanoparticles and size grow with the number of deposition cycles depends upon competition between three factors: the relative binding of precursors on the oxide versus the nanoparticle, surface diffusion of the metal atoms across the surface, the critical nucleus size, and the specific surface termination; see, for instance, refs 41, 59 , and 60 and references therein. The TiO 2 -(001) terminated SrTiO 3 has octahedral terminated TiO 5 □ units (where □ is a vacant site) with a √13 × √13 reconstructed surface, 43, 61, 62 whereas the (110)-STO dodecahedra have tetrahedral TiO 4 surface terminations. 39, 63 All the terms, which control the growth trajectory of the nanoparticles, will be completely different for the two surfaces; they have fundamentally different chemistries so STO nanoparticles with just TiO 2 -(001) versus (110) surfaces should be considered as effectively different compounds. As a result, it is to be expected that there will be significant variations in the growth rate and the change in nanoparticle size and density for the different supports. The relatively small change in the number density on the TiO 2 -(001) surfaces indicates that some combination of a faster surface diffusion rate and/or a larger critical nucleus size dominates. Therefore, during additional ALD cycles, the Pd atoms strongly tend to add to existing nuclei. In contrast, for the (110)-STO surface, the change in the number of nuclei with time implies a lower surface diffusion rate and/or a smaller critical nucleus size, so additional secondary nucleation is taking place.
3 48 this is complicated by the presence of twinning. While parts of the NPs can form low-energy interfaces with the oxide support, this is disrupted by the change in orientation due to the twins. This twinning effect is reflected in our results. Figure 4 shows atomic resolution images of individual Pd NPs supported on the surfaces of TiO 2 -(001)-STO nanocuboids and (110)-STO nanododecahedra. The Pd NPs are crystalline with faceted geometry. Figure 4 also shows a range of observed Pd NP shapes, including representative single crystals and multiply twinned Pd NPs on both STO surfaces, with approximately 70% of the NPs being MTPs, and 30% single crystals. While the minority single crystals tend to show quite strong adhesion, the majority MTPs has much weaker adhesion energy. This adhesion energy is reflected in the height of the NPs, as the height of the MTPs is approximately half compared to the Wulff shape of Pd. 53 Because of this weak adhesion, the substrate plays little to no role in determining the exposed facets of the nanoparticles. For completeness, while the presence of MTPs has long been speculated to perhaps play a role in changing the catalytic performance (e.g., refs 65 and 66), we have no evidence to show that they play any significant role here in this study. As will be seen later, the catalytic performance is dominated by the coverage of CO, rather than the NP shape and epitaxy in this case.
3.3. Loading and Coverage. The weight percent (wt %) loading of Pd was obtained by using both ICP and XRF, as shown in Figure 5a (the details are summarized in Table 2 ). However, as the two types of STO nanopolyhedra supports have different surface-to-volume ratios, the Pd loading on each support cannot be compared directly by using wt %. Instead, we use "coverage," defined as the density of Pd atoms per unit surface area of the nanopolyhedra (atom/nm 2 ) to exclude the volume effect. Figure 5b Pd shows significant mass gain during the initial ALD cycles on both types of supports. The loading increases by approximately 5 times from 1c to 5c, while the mass gain is less significant from 5c to 10c. Furthermore, the mass gain of Pd for the first cycle is the same as the average gain of cycles 2 through 5 (0.20 and 0.16 wt % per cycle on TiO 2 -(001)-STO nanocuboids and (110)-STO nanododecahedra, respectively), implying a linear growth from 1c to 5c Pd on both types of STO nanopolyhedra. The linear mass gain of Pd for the initial ALD cycles is analogous to the earlier study of Pt-ALD on TiO 2 -(001)-STO nanocuboids. 40 Nevertheless, the mass gain per ALD cycle of Pt is ∼20 times higher on TiO 2 -(001)-STO nanocuboids (corresponding to ∼10 times higher in coverage per cycle compared to that of Pd). It should be noted that the linear growth model of ALD-Pd observed here deviates slightly from previous results, 8, 41 where the growth rate of ALD-Pt is higher for the first cycle than the subsequent cycles. 3.5. CO Oxidation Activity. Figure 7 and Table 3 Table 2. nm) but not for smaller Pd NPs (1.7 nm). Note that the compressed bridging peak, which is only seen in the 10c/TiO 2 -(001)-STO and 1c/(110)-STO, vanishes upon oxidation, as shown in Figure 8b and c. The isolated bridging peak in the 1c/ TiO 2 -(001)-STO in Figure 8a , however, remains present even after a long exposure to O 2 . The difference in surface CO coverage may explain the difference in TOF between 1c/TiO 2 -(001)-STO and the other two Pd/STO catalysts.
The delayed onset and abrupt decrease in the DRIFTS intensity during CO oxidation is attributed to CO inhibiting the initial adsorption on the larger Pd nanoparticles. It is wellestablished that the CO oxidation reaction over Pd surfaces follows the Langmuir−Hinshelwood reaction mechanism. 72−75 In this mechanism, the adsorption of CO and O 2 molecules involves the following elementary steps (* denotes a free adsorption site):
It is known that O 2 possesses a lower sticking coefficient than CO on Pd surfaces, and the sticking coefficient drops as CO coverage increases. 76−78 Due to CO occupying the Pd surface, the initial CO 2 production rate is slow because O 2 adsorption is inhibited. The influence of the unequal adsorption strengths was previously demonstrated by studies exposing O 2 on Pd single crystal surfaces 76 and nanoparticles, 75, 77 both precovered with CO. The CO coverage effect described above may occur in our Pd/STO samples with larger Pd NP size, where there are more facet sites than corner/edge sites. Initially, the dissociative adsorption of O 2 is inhibited by CO covered Pd facets. Then, successful adsorption of O 2 on some unoccupied adsorption sites allows CO in the vicinity of the adsorbed O 2 to be consumed. This creates additional adsorption sites for O 2 molecules. Because the presence of the active O 2 species accelerates the CO 2 production rate when the surface coverage of CO is high, the intensity of CO adsorption bands in DRIFTS (4) 14 (1) a Calculated from ICP obtained wt % Pd and wt % Sr assuming stoichiometric SrTiO 3 nanopolyhedra. b Calculated from Pd/Sr atomic ratio assuming stoichiometric SrTiO 3 . The XRF error is small (<1%) due to good counting statistics.
c Calculated from Pd/Sr atomic ratio and BET surface areas of the two types of STO nanopolyhedra supports. Table 3. drops dramatically due to fast CO consumption. This phenomenon was also observed in many empty adsorption site (or vacancy) mediated surface autocatalytic reaction processes. 72, 79, 80 However, 1c Pd/TiO 2 -(001)-STO has smaller Pd NPs (∼2 nm), on which the CO coverage effect is less prominent due to the larger fraction of the Pd edge/corner sites. These low coordinated sites result in stronger O 2 adsorption/dissociation. 78 As a consequence, O 2 dissociates on Pd and reacts with CO more easily, causing a steady decrease in the CO adsorption intensity. The isolated bridged CO, as shown in Figure 8a , also supports the existence of extra O 2 adsorption sites due to the lower coverage of CO on 1c Pd/TiO 2 -(001)-STO. This argument explains the significantly higher TOF of 1c Pd/TiO 2 -(001)-STO compared to the other samples, because the reaction is not inhibited due to the lower coverage of CO. At 120°C, the TOF of 1c Pd/TiO 2 -(001)-STO and other samples are similar due to the weakened adsorption strength of CO, which decreases the effect of CO coverage. Additionally, raising the temperature increases the overall rate of the CO oxidation reaction.
Also note that the concerted decrease of the CO absorption intensity for the L sites and B-M sites shown in Figure 8d −f is consistent for all three samples investigated. ) is denoted as B-M sites. also becomes constant after the drop. The constant ratio during O 2 exposure for individual samples indicates that the adsorbed CO migrates over the Pd surface and redistributes as CO is removed.
Note that the B-M/L ratio for 10c Pd/TiO 2 -(001)-STO is the highest among the three samples shown in Figure 9 . The high B-M/L ratio can be explained by the size of Pd NPs. Compared to 1c Pd/TiO 2 -(001)-STO (1.7 nm diameter), 10c Pd/TiO 2 -(001)-STO is larger in size (2.6 nm) and thus has a higher fraction of facet sites. 67, 68 For the 1c Pd/(110)-STO sample, although the average Pd diameter (2.6 nm) is the same as that of 10c Pd/TiO 2 -(001)-STO, its size distribution is skewed to smaller sizes (∼25% of the NPs are smaller than 2 nm, as shown in Figure 2) . Therefore, the B-M/L ratio is lower than the 10c Pd/TiO 2 -(001)-STO due to the smaller NPs.
SUMMARY AND CONCLUSION
This work investigates the morphology and CO oxidation activity of uniformly distributed ALD-Pd NPs supported on single crystal TiO 2 -(001)-STO nanocuboids and (110)-STO nanododecahedra. ALD demonstrated controlled growth of Pd. The deposition rate of Pd is higher from 1c to 5c than 5c to 10c on both of the STO surfaces and is three times higher on the (110)-STO nanododecahedra than on the TiO 2 -(001)-STO nanocuboids. As Pd loading increases, Pd on the TiO 2 -(001)-STO surface follows the nucleation and growth model and grows more significantly in size compared to that in number, while Pd on the (110)-STO surface begins with secondary nucleation and grows more in number than in size. On both types of STO surfaces, approximately 30% of the Pd NPs are single crystal and 70% are multiply twinned. The Pd NPs show varieties of shapes, degrees of wetting, and interface orientations. Whether MTPs or single crystals are formed has a complex dependence upon the method of preparation and surface chemisorption; 53 therefore, there may be other ways of preparing the Pd so stronger epitaxial effects will be observed. In this particular system, the surface orientation of the STO support is not a determining factor in CO oxidation reaction because of the weak adhesion between the Pd and STO for the majority MTPs. Nevertheless, TOF analysis and DRIFTS show that the CO oxidation activity is mostly dominated by the Pd size due to CO coverage effects. For larger Pd nanoparticles, CO oxidation activity is lower because of the higher CO coverage on the relatively higher proportion of facet sites, which causes inhibited O 2 adsorption. In contrast, the smaller Pd nanoparticles have a higher proportion of edge and corner sites, allowing dissociative adsorption of O 2 on these sites and leading to higher CO oxidation activity.
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